The fatty acids obtained from extractable lipids of the anaerobic sulfate bacterium Desulfovibrio desulfuricans were identified. Saturated and monoenoic iso (C15-C01) and anteiso (C15, C17) fatty acids and saturated normal (C14-C1,) and monoenoic normal (C16, C08) fatty acids were shown to be present by capillary gas chromatography-mass spectrometry. Iso and anteiso 8-hydroxy fatty acids were analyzed as trimethylsilyl ethers in the same way. The position of methyl branches in the monoenoic fatty acids was determined from characteristic fragment ions in the mass spectra of their methyl esters. Disilyloxy methyl esters, prepared by derivatization of the mono unsaturated methyl esters and analyzed by capillary gas chromatography-mass spectrometry, provided the position of double bonds. The monoenoic fatty acids identified in this way were normal (A7-C16:1, A9-C16:1, A9-C18:1, AlO1-Cl8:), iso (A7-C05:1, A9-C06:1, A9-C17:1, A11-C18:1, Al1-C19: l), and anteiso (A7-C15:, A91-C17 ). Iso A9-C17:1 fatty acid is present as the major component. The occurrence of these monoenoic fatty acids in this bacterium is of taxonomical importance.
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Desulfovibrio species are omnipresent bacteria in sediments of the marine environment. Our interest in their fatty acids was aroused after analysis of a recent marine sediment in which sulfate-reducing bacteria were important links in the final decomposition of the organic matter. The presence of monoenoic iso C05 and iso C17 fatty acids (4) and of a set of iso and anteiso (3-hydroxy fatty acids (5) in these sediments prompted research into the lipids of Desulfovibrio desulfuricans, seen as a possible source of these acids in this sedimentary environment. Moreover, the occurrence of iso and anteiso monoenoic fatty acids among the major fatty acids ofD. desulfuricans has considerable taxonomic and biochemical significance.
The iso and anteiso saturated fatty acids are widely found in gram-positive bacteria. Gramnegative bacteria very often contain straightchain fatty acids with one double bond. Such characteristic features in the alkyl chain of fatty acids are used as a guide to classification in bacterial taxonomy (23) . Unsaturated iso and anteiso fatty acids are still rare in nature. So far, they have been found in phospholipids of the aerobic gram-positive Bacillus cereus (15) , as an excretion product of Myxococcus xanthus (18) , and as an acyl constituant in two antibiotics (25) .
Their distribution may prove to be more widespread in the future, when more advanced techniques, such as high-resolution gas chromatography and combined gas chromatography-mass spectrometry, find their way among taxonomically oriented bacteriologists. An exclusive presence as major fatty acids in Desulfovibrio species would point, on the other hand, to a very special phylogenetic position with respect to other microorganisms. Desulfovibrio species are thought to be primitive in character. An early offspring from the phylogenetic tree is indicated by its cytochromes (10) and primitive energy metabolism (14, 29) . Desulfovibrio species are able to biosynthesize iso and anteiso precursors for processing along the anaerobic chain elongation pathway, as is indicated by the double-bond position in their fatty acids. This points to a dehydrase enzyme system (3) able to handle branched-chain substrates. The presence of two enzyme systems in one bacterium which are found to operate separately in other strains of bacteria could be another one of those "vestiges of ancestral biochemistry" that have been enumerated for the sulfate-reducing bacteria (17) .
MATERIALS AND METHODS
Organism and culture conditions. A strain of the sulfate-reducing bacteria D. desulfuricans was isolated from the anaerobic black sediment of the Dutch Wadden Sea (J. H. Vosjan, Ph.D. thesis, University of Groningen, Groningen, The Netherlands, 1975). The criteria of Postgate and Campbell (21) were used for identification, and the purity was checked by using the method of Postgate (20) .
The organism was grown in batch culture on the following medium: NaCl, 20 g; K2HPO4, 0.1 g; MgCl2 -6H20, 0.1 g; CaC02 2H20, 0.1 g; yeast extract, 1 g; tris(hydroxymethyl)aminomethane, 6 .06 g; FeSO3 * 6H20, 0.003 g; (NH4)2SO4, 3 (2) procedure. The bacterial residue were homogenized subsequently in a Waring blender in 20 ml of water, 40 ml of methanol, and 80 ml of chloroform. After filtration the residue was extracted with 50 ml of methanol. Centrifugation yielded a pellet, which was ultrasonically treated in 30 ml of chloroform. The combined extracts yielded a monophasic solution, which was separated into two layers by addition of 40 TLC separation of reaction products. Separation of reaction products resulting from the OsO4-H2S and OsO4-Na2SO3 methods (8, 9) was achieved by silica gel TLC (0.25 mm) using hexane-ethylacetate (7:3, vol/vol) as developer. TLC bands were visualized by iodine vapor and/or 0.05% rhodamine 6G in 95% ethanol. In this TLC system diol fatty acid methyl esters had an R, of 0.20, whereas saturated methyl esters had an Rf of 0.80.
GLC and GC-MS conditions. GC was carried out on a Perkin-Elmer 990 equipped with 30-m, stainless-steel open tubular columns (ID, 0.25 mm) coated with OV-101. Nitrogen was used as carrier gas.
Monocarboxylic fatty acid methyl esters were analyzed using temperature programming from 140 to 2500C at a rate of 2°C/min, 3-silyloxy fatty acid methyl esters were analyzed using temperature programming from 170 to 2600C at a rate of 4°C/min, and disilyloxy fatty acid methyl esters were analyzed using temperature programming from 200 to 300°C at a rate of 2°C/min. Quantitative data were obtained by applying an Infotronics CRS 101 electronic integrator to the gas chromatograph.
GC 1 ).
Standard reference compounds. Some saturated normal, iso, and anteiso fatty acid methyl esters were purchased from Applied Science Laboratories.
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A mixture of branched fatty acid methyl esters (5), prepared from Mackerel (Scromber scombrus) lipids in our laboratory, was also used for comparison.
Mass spectra and equivalent drain length values were obtained from a mixture of normal, iso, and anteiso /8-silyloxy fatty acid methyl esters, synthesized from the corresponding fatty acid methyl esters (5). Normal 9-C18:1, 7-C16:1, and A5-Ci4:1 fatty acid methyl esters were purchased from Applied Science Laboratories. These were used for preparation of corresponding disilyloxy compounds, using the Os04-H2S method. Normal A9-C171, isO A9-C17:1, 15-deutero-iso A9-C17:1, and anteiso A9-C17:1 methyl esters were synthesized, and their mass spectra were used for comparison (J. J. Boon et al., submitted for publication).
RESULTS
Fatty acids of D. desulfuricans. Table 1 , listing the compounds and their relative abundances.
The identification is based on mass spectral data of the methyl esters and the disilyloxy methyl esters, which were prepared to determine the double-bond positions in the monoenoic fatty acid methyl esters. Iso and anteiso methyl branches in the saturated methyl esters can be judged from the mass spectral data by the enhanced intensity of [M+-43] analysis, and column temperature was programmed from 160 to 250°C at a rate of2°C/min. submitted for publication). This initial rearrangement is followed by the loss of 55 or 69 atomic mass units dependent on, respectively, the iso or anteiso structure of the unsaturated fatty acid methyl ester. This is shown in Fig.   3A and B by fragments mle 227 and mle 213.
Methanol and water are lost subsequently from these fragment ions, thus generating mie 195 and mle 177 in the case of the iso compound and mle 181 and mle 163 in the case of the anteiso compound. In this way the iso and anteiso structure of branched monoenoic fatty acid methyl esters can be determined from the presence of definite fragment ions, whereas in case of the corresponding saturated esters intensity differences from some fragment ions must be used for the identification. It should be noted that [M+-61] and [M+-79] are also present in the mass spectra of anteiso mono-unsaturated methyl esters.
Hydroxy acids ofD. desulfuricans. Hydroxy fatty acids were found in the acid fraction obtained after alkaline hydrolysis of the total lipid extract. Figure 4 presents the gas chromatogram of the hydroxy acids analyzed as silyloxy methyl esters. Table 2 lists the compounds identified.
The mass spectra agree with those of standards (11) . Iso, anteiso, and normal f3-silyloxy methyl esters cannot be distinguished by their mass spectra (5). Comparison with ECL values, obtained from a mixture of iso and anteiso 13-silyloxy methyl esters, aided in the identification. The a,,f-unsaturated methyl ester identified is considered to be the result of elimination of water from the (8-hydroxy methyl esters after TLC separation. The other methyl esters found in trace quantity in this fraction are considered to be impurities resulting from tailing on the TLC plate. The relative amount of the 83-hydroxy fatty acids as compared to the fatty acids is small.
Usefulness of the disilyloxy derivatives. Unequivocal determination of the double-bond position in mono-unsaturated methyl esters is possible by modification ofthe double bond with OSO4 and ultimate analysis of the reaction products as disilyloxy methyl esters by GC-MS.
The orginal double-bond position is marked by high-intensity mass spectral fragment ion peaks generated as a result of the cleavage of the carbon bond between the two silyloxy Fig. 5 , comparing the normal and iso 9,10-disilyloxy methyl ester, an enhancement of fragment mle 97 is observed in the mass spectrum of the iso compound. This phenomenon is also found in the other branched disilyloxy compounds (Table 3) . Fig. 1 (25) . Other microorganisms investigated by using this pathway have been summarized in a review (12) . The usual fatty acid synthesis sequence (30) is split at the 8-hydroxy C1o level by a D-,3-hydroxydecanoyl thioester dehydrase (7) in cisf3,y-decenoyl-ACP and trans-a,/3-decenoyl-ACP.
The cis-,8,-y-decanoyl derivative is elongated and leads to A5C,2:l, A7-C14:1, A9-Cl6:l, and AllCl08:, the so-called cis-vaccenic acid family. The double bonds in the fatty acids ofDesulfovibrio make certain that this biosynthetic principle is operative not only on straight-chain, but also on branched-chain fatty acids in these bacteria. The presence of the branched-chain vaccenic acid family in Desulfovibrio must have a direct relation to the properties of its D-,3-hydroxydecanoyl thioester dehydrase enzyme. Assuming that a dehydrase similar to the one in E. coli and C. kluyveri is present in D. desulfuricans, then an 8-methyl-j8-hydroxydecanoyl-ACP is the precursor for anteiso A7-C15:l and anteiso A9-Cl7: . The 9-methyl-f3hydroxydecano-yl-ACP is the precursor for iso A7-Ci5:, iso A9-C17:1, and All-C19:l. The precursors for iso A7-C16:1 and that for iso A&9-C16:1 and iso 1b11-C18:1 are the 10-methyl-,3-hydroxyundecanoyl-ACP and the 8-methyl-,8-hydroxynonanoyl-ACP, respectively. The E. coli dehydrase (24) was shown to be highly specific for the straightchain ,B-hydroxydecanoyl-ACP derivative; Cg and C,1 were much less active, whereas 08 and C12 were almost inert substrates.
In Little comparative work has been done concerning the fatty acids ofDesulfovibrio-species, although there is a trend in bacteriology to use fatty acid spectra for taxonomical purposes (23 The presence of the anaerobic pathway of monoenoic fatty acid synthesis was shown in these bacteria by GC identification of double bonds in the straight-chain C16 and C08 acids, using the corresponding standards. Although iso and anteiso C15:0 and C,7,: fatty acids were identified, the identification of several major peaks, which correspond in our view with the monoenoic iso and anteiso fatty acids, was not reported. The GLC trace of the Hildenborough strain shows close resemblance to our species of D. desulfuricans. A comparative study of the fatty acids in several species of Desulfovibrio and, preferably, also in species ofDesulfotomaculum (21) would be of taxonomical and biochemical interest. This approach would enable the evaluation of the ability of these organisms to use branched-chain f8-hydroxy C0, C,o and Cl, compounds as substrates for their 3-hydroxydecanoyl thioester dehydrase. The properties of the dehydrase enzyme system itself can also be used as a means to understand the relationship between the bacterial strains that use the anaerobic pathway of monoenoic fatty acid synthesis.
The distribution of this pathway is not restricted to anaerobic microorganisms but follows evolutionary lines (24) . This pathway has been shown to occur in aerobic, facultative anaerobic, anaerobic, and photosynthetic microorganisms, e.g., Pseudomonas fluorescens (24), E. coli K-12 (3), lactobacilli (27) , pediococci (27) , C. kluyveri (24) , Rhodospirillum rubrum (32) , and Rhodopseudomonas sphaeroides (32) . Branched-chain fatty acids have not been reported among the fatty acids of these microorganisms. If their dehydrase enzyme systems were able to use branched-chain substrates, one could think of a relationship with Desulfovibrio species, which are thought to be close to "the" ancestral mother microbe (17) .
The composition of fatty acids present in phospholipids, which play an important role in the cell membrane of microorganisms, determines to a large extent the fluidity of the membrane. This fluidity is necessary for the proper function of membrane-related metabolic processes (28) . Several bacteria are able to change the degree of unsaturation of their lipids upon lowering the growth temperature by enhanced desaturase activity (13) . Another way to lower the melting temperature of lipids is to increase the amount of iso and anteiso fatty acids in these lipids. The amount of branched saturated and unsaturated fatty acids in phospholipids of D. desulfuricans is surprisingly high in view of the growth temperature in the culture (30°0). Several explanations for this phenomenon, such as inability to regulate fatty acid composition in the cell membrane lipids, a special structure of the cell wall, the influence of culture factors, etc., are under investigation.
The branched-chain 18-hydroxy fatty acids present a problem in respect to their origin and role in the organism. The analytical procedure points to a free or esterified (via the carboxyl group) occurrence in the total lipid extract. No free hydroxy acids have been observed in the neutral lipids after column chromatography. ,8-Hydroxy fatty acids are present in the cell wall of gram-negative bacteria, usually bound to the lipid A component (6) . This lipid is usually not extractable by mild organic solvents. Further work is necessary to pinpoint these hydroxy acids in the bacterium.
